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Introduction

Interest in polymer-clay nanocomposites has increased due

to their improved mechanical properties, barrier properties,

lower water absorption, and reduced flammability. Many of

the desirable properties of polymer nanocomposites are

related to the quality of the nano-dispersion, including

polymer intercalation into the clay galleries and/or

exfoliation (delamination) into individual clay platelets.[1,2]

Unfortunately, the methods available to characterize the

processing effectiveness require laborious offline testing of

samples by methods such as X-ray diffraction (XRD),

transmission electron microscopy (TEM), and solid-state

nuclear magnetic resonance (NMR).[3–6] Recently, the use

of fluorescent probes has been reported to monitor resin

temperature in polymer injection molding and temperature

gradients in an extruded resin flow stream.[7,8] Other optical

methods require the probing light to transmit through the

material, but fluorescence measurements can be carried out

by excitation and detection from one side only. In these

Summary: Laser-induced fluorescence spectroscopy of the
optical probe Nile Blue A in polymer clay nanocomposites is
described. Concentration quenching of the fluorescence
dominates the probe behavior until the clay platelets are
physically separated by polymer intercalation. Further sepa-
ration into an exfoliated structure results in an intense
increase in probe fluorescence. Preliminary results indicate
the ability to discriminate between intercalated and exfolia-
ted structures in nanocomposites formed by melt processing.

Polyamide 6 nanocomposites: Purple, 1 minute processing
(left). Red, 7 minute processing (right).
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applications the thermal stability of the fluorescent probe is

of paramount importance since typical processing condi-

tions involve temperatures between 200 and 300 8C.
The most common layered silicate used in polymer-clay

nanocomposites ismontmorillonite (MMT).[9] It consists of

clay layers stacked upon each other with a ‘‘deck of cards’’

-like registry. The gap between the clay layers is referred to

as the gallery spacing (or d(100) spacing) and is dependent

on the size of the species intercalated in the clay gallery. The

clay layers have a net negative charge compensated by Naþ

or Kþ ions in the gallery space. In the natural state, MMT

clay does not disperse or exfoliate in most polymers.

Exchange of the natural cations with an organic modifier

(normally an organic cation such as dimethyl di(hydroge-

nated tallow) ammonium cation) increases the gallery

spacing (1.7 nm to 3.0 nm) and improves the polymer and

clay interactions; this, in turn, leads to a higher degree of

organoclay dispersion and exfoliation.

Cationic optical probes adsorb strongly on clay mineral

surfaces and their intermolecular interactions and surface

organizations are complex functions of the concentration,

stoichiometry (as a fraction of the cation exchange capacity

CEC), and charge density.Dye-aggregate formation is com-

mon and their type is controlled by the density of negatively

charged sites at the clay surface.[10] Common aggregates

are H-type (head-to-head), J-type (head-to-tail), and higher

order aggregates. Various amounts of dye monomers,

dimers, and higher aggregates result at the surface. Aging

dye-clay dispersions results in the redistribution and inter-

calation of smaller species into the clay galleries.[11] It is

now recognized that clay-dye suspensions slowly reach

thermodynamic equilibrium and dye organization depends

on a subtle balance of several forces and properties of the

adsorbates and surfaces.[12]

The photofunctions of optical probes in intercalation

compounds have been a topic of great interest.[13] Various

cationic fluorescent dyes have been studied that show a

dependence of the fluorescence intensity on the type of clay

and concentration as a fraction of the exchange capacity.

Clays such as natural MMT contain a substantial portion of

iron in their octahedral layers, which leads to quenching of

fluorescence. Concentration quenching can also occur at

higher levels of probe concentration.[14] Intercalation of a

cationic coumarin dye into a swelling clay containing no

iron extended the dye’s thermal stability to 300 8C and

resulted in a red shift to longer wavelength for the fluore-

scence emission.[15] In contrast, the cationic laser dye Nile

Blue A (NB) in ethanol in uncharged porous sol-gel glasses

shows Stokes shift decreases as a function of nano-

confinement and fluorescence blue shifts below confine-

ments of 7.5 nm.[16] Nano-confinement in 5 nm pores in the

nonpolar medium dodecane leads to a more pronounced

blue shift from 664 nm (ethanol) to 648 nm. NB forms

aggregates upon interaction with negatively charged colloi-

dal silica.[17] These colloids are not layered and cause the

surface formation of nonfluorescent H-type aggregates

comprised of NB dimer units. NB also exhibits acid-base

behavior. Deprotonation of NB to Nile Blue Base causes a

blue shift of the fluorescence from 675 nm to 580 nm in

basic media like triethylamine.[18] The complex photo

properties of NB makes it a sensitive probe of the local

nano-environment.

This communication describes an approach for the rapid

analysis of intercalation and exfoliation in melt-processed

polymer-clay nanocomposites based on laser-induced fluo-

rescence (LIF) spectroscopy of optical probes. Preliminary

findings are reported on probe fluorescence in polymer

nanocomposites prepared from organically modifiedMMT

and polystyrene (PS) and polyamide-6 (PA-6).We findNile

Blue A to be a useful fluorescence probe when co-

exchanged into MMT with traditional quaternary ammo-

nium treatments or advanced, high temperature stable

trialkylimidazolium treatments.[19,20]

Experimental Part

Preparation and Characterization of Organically Modified
Layered Silicates

Standard ion-exchange procedures using aqueous ethanolwere
modified.[21] Sodium cloisite, a natural montmorillonite with
an ion-exchange capacity of 92 meq/100 g was obtained from
Southern Clay Products (Gonzales, Texas). 1,2-Dimethyl-3-
hexadecylimidazolium (DMHDIM) bromidewas prepared and
purified as described previously.[19] Dimethyl dioctadecylam-
monium (DMDODA) bromide, Nile Blue A Perchlorate, and
Methylene Blue (MB) were obtained from the Aldrich Chemi-
cal Company and were used as received. Briefly, the appro-
priate ratios of the optical probe and DMHDIM or DMDODA
salts necessary to achieve complete exchangewere dissolved in
50 mL of hot ethanol-water (95%, Wherever % is used in this
manuscript it means mass fraction %). Sodium cloisite (5 g)
was addedwith rapid stirring until the solidwaswell dispersed.
The volume was adjusted to 100 mL. with distilled water then
stirred and heated for one hour at about 70 8C. It was then
allowed to stand in a dark cabinet for three to seven days. The
exchanged clay was filtered, washed with hot 50% ethanol-
water, and then 95% ethanol until the filtratewas colorless. The
resulting clayswere dried at 100 8C in a forced convection oven
for one hour then finely ground.

The clays were characterized by XRD and thermogravime-
teric analysis (TGA). TGA data were collected from 30 8C to
800 8Cat10 8C/minunder anN2atmosphere (samples5–10mg
each) using a TA Instruments SDT 2960. XRD data were
collected on a Philips diffractometer using CuKa radiation. The
d spacing has an uncertainty of 0.03 nm (2s) as determined by
running a standard sample of NaMMT several times.

Preparation and Characterization of the Nanocomposites

PS and PA-6 nanocomposites were prepared in a mini-twin-
screw melt extruder (intermeshing, conical, DACA Corp.).
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Polymer and treated MMTs were charged into the mini-
extruder andmixed at 21 rad/s (200 rpm) for variable times (1–
7 min) and processing temperatures (180 8C to 240 8C).
Commercial polymers containing no fillers were employed.
PS was Styron 663 (Dow Chem. Corp.). PA-6 was UBE Corp.
1015B.

The nanocomposites were characterized by XRD and LIF.
Selected sampleswere characterized byTEMusing techniques
described previously.[19] Fluorescence spectra were obtained
using an Ocean Optics USB2000 spectrometer adapted for
fiber optic inputwith a 200mmentrance slit width. Several light
sources were evaluated: a Thermo-Oriel xenon arc lamp
filtered at 365 nm, a 407nmPowerTechnologies diode laser, an
air-cooled argon-ion laser tuned to 454 nm and 514 nm
(OmniChrome model 171B), and a Spectra-Physics helium-
neon laser at 632 nm. A bifurcated optical fiber containing
seven fibers of 200 mm core diameter was used for both exci-
tation and collection. Excitation light was transmitted through
onefiber and focused onto the sample surfacewith a spot size of
0.5 mm diameter. The other six fibers collected fluorescence
and transmitted it to the spectrometer. Integration times ranged
between 500ms and 6 s. All measurements were made at room
temperature on strands from the extrusion.

Results and Discussion

Thermal Stability of Optical Probes
in Layered Silicates

The thermal stabilities of the optical probes were evaluated

by preparing ion-exchanged MMT samples where a 9:1

ratio of organic modifier to probe was used to completely

exchange the Naþ. TGA results (not shown) indicated that

NB and MB had sufficient thermal stability for preparing

melt-processed nanocomposites. Their thermal stabilities

were not significantly different to those with the organic

treatments alone.[19] DMHDIM-MMT samples had high

thermal stability (350 8Conset), which is important formelt

processing high-melting-temperature polymers such as PA-

6.DMDODA-MMTsamples had adequate thermal stability

(250 8C onset) for processing polymers such as PS.

Fluorescence and Melt Processing Studies

The usefulness of NB and MB as probes was evaluated by

preparing a series of nanocompositeswith PS and PA-6. The

intercalation and exfoliation behavior of PS and PA-6 with

DMHDIM-MMThas been well established and depends on

the processing time and temperature.[19] The PS nanocom-

posites are a mixed intercalated-exfoliated structure domi-

nated by intercalation. The PA-6 nanocomposites exhibit a

highly exfoliated structure.

Background spectra (Figure 1) show the effect of the NB

level on clay fluorescence. Concentration quenching domi-

nates above the 1% CEC probe level. Several broad emis-

sion bands at 511, 588, and 655 nm are evident in the 0.5%

NBCEC level sample with emissions shifted in accordance

with surface adsorption effects and the formation of dimers

and higher aggregates.

In initial extrusion studies only the experiments

performed with NB/DMHDIM-MMT showed any fluores-

cence. Additional studies with higher processing tempera-

tures revealed that the appearance of fluorescence was a

general phenomenon depending on the probe and the nano-

composite system. NB was the most uniformly useful

optical probe useful in both polymer media evaluated. MB

showed fluorescence in only one case where the organic

treatment was DMDODA. Enhanced second-order non-

linear optical behavior has been observed for MB adsorbed

on Laponite, a synthetic clay that does not contain iron

impurities.[22]

The NB melt dispersed in PS (Figure 2) exhibits emis-

sions at 498 and 651 nm when excited at 407 nm. The PS

Figure 1. LIF spectra of NB/DMHDIM-MMTat different levels
of NB. 407 nm excitation wavelength, 4 s integration.

Figure 2. LIF spectra (ex¼ 407 nm, 6 s integration) of PS
nanocomposites with 2% NB/DMHDIM-MMT (NB level 10%
CEC) at different processing temperatures and residence times and
a melt dispersion of NB in PS (180 8C).
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nanocomposite extrusion at sub-optimal temperatures

exhibits no fluorescence at one minute (not shown) and

the appearance of weak emissions at 495 nm and 563 nm for

seven-minute processing. A higher processing temperature

(240 8C) at one-minute residence results in the appearance

of the 563 nm band with significant fine structure at longer

wavelengths. This emission is more pronounced at longer

processing times and the lowwavelength emission grows in

intensity. The fine structure above the 563 nm band appears

to have a periodic order of approximately 20–24 nm. The

XRD data of these samples (not shown) yield very little

detailed information on the evolution of the PS nanocom-

posite structures.

In PA-6 nanocomposites (Figure 3) the lowest processing

time gives a broad emission around 565 nm with a signi-

ficant contribution from a shoulder at higher wavelengths.

The longer processing time shows a large increase in

intensity dominated by a band around 605 nm. The periodic

step function-like fine structure observed in the PS nano-

composites was not observed. Additionally, a weak band

appears at low wavelength (502 nm) as in the PS nanocom-

posite. The NB melt dispersed in PA-6 exhibits very weak

fluorescence at 678, 608, and 498 nm. XRD data (not

shown) suggest that some of the layered silicate structure,

with the original d-spacing, remains in the sample proces-

sed for 1 min.

Our data interpretation assumes subsidence of quenching

in the nanocomposite and emission wavelengths that de-

pends on the nano-confinement and the local environment.

For exfoliation and clay-sheet separations approaching

7.5 nm, NB emissions for an unconfined hydrophobic

environment are expected.[16] TEM of the nanocomposites

(Figure 4) shows evolution into a predominately inter-

calated structure with large tactoids for the PS nanocompo-

site system at the 240 8C, 7min. processing condition, and a

well-exfoliated structure for the PA-6 system under the

same processing conditions. Comparison of the emissions

in the PA-6 nanocomposite with XRD and TEM data

suggests that the emission at 565 nm is related to intercala-

tion and that at 605 nm is indicative of exfoliation. These

same bands are present in the PS nanocomposite spectra,

where intercalation dominates. The actual emission wave-

lengths appear to be insensitive to the polymer polarity,

suggesting that the dye is tightly bound in the hydrophobic

environment of the treated silicate. The 20–24 nm step

function increments for wavelengths above 563 nm in the

PS nanocomposite are intriguing. With higher resolution it

Figure 3. LIF spectra (ex¼ 407 nm, 800ms integration) of PA-6
nanocomposites with 2% NB/DMHDIM-MMT (NB level 10%
CEC) processed at 240 8C and different residence times and a
melt dispersion of NB in PA-6 (240 8C, 1 s integration).

Figure 4. TEM images of representative 2% NB/DMHDIM-
MMT (NB level 10%CEC) nanocomposites. PS: 7min processing
at 240 8C (top). PA-6: 7 min processing at 240 8C (bottom).
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may prove possible to monitor the stepwise evolution of an

intercalated nanocomposite structure into an exfoliated

structure. The nature of the emission around 495–502 nm is

less clear andcould beexplainedbydesorptionofNB into the

polymermatrix,orfromunquenchedhigher-orderaggregates

on the clay. Finally, the visible colors of the polymer

nanocomposite structures changed during the processing as

well.ThePSsamplesgenerallyretainedthecoloroftheparent

probe, whereas the PA-6 samples changed from shades of

magenta to bright red as the processing times increased.

Conclusion

This publication reports the fluorescence behavior of opti-

cal probes in polymer nanocomposites. Preliminary results

indicate that NB, a cationic laser dye, is well suited to probe

nano-confinement in polymer nanocomposites. The appear-

ance and relative intensity of fluorescence is ascribed to

decreased quenching in the nanocomposite. The emission

wavelengths depend on local nanostructure, where con-

finements below 7.5 nm result in significant blue shifts.

Comparison with other characterization techniques allows

the correlation of polymer intercalation with emissions

centered about 565 nm and exfoliation into individual

platelets surrounded by the polymer matrix with emissions

at 605 nm and higher.

The broad separation of emission wavelengths should

allow for the development of methods to assess the detailed

nanostructure and quality of polymer nanocomposites

formed by melt processing. It may be possible to use this

approach as a quantitative tool once a thorough under-

standing of the probe’s optical behavior in polymer nano-

composites is achieved. It is also likely that these same

methods will be useful for studying polymer nanocompo-

sites made by other methods of formation.Wewill continue

to explore the optical behavior of fluorescent probes in

polymer nanocomposites. Their UV-Visible spectroscopic

behavior will be studied and reported elsewhere. Use of this

method of characterization will also be applied to on-line

monitoring of nanocomposites during extrusion.
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